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Integrated within neural circuits, astrocytes have recently been shown to modulate brain
rhythms thought to mediate sleep function. Experimental evidence suggests that local
impact of astrocytes on single synapses translates into global modulation of neuronal
networks and behavior. We discuss these ﬁndings in the context of current conceptual
models of sleep generation and function, each of which have historically focused on
neural mechanisms. We highlight the implications and the challenges introduced by these
results from a conceptual and computational perspective. We further provide modeling
directions on how these data might extend our knowledge of astrocytic properties and
sleep function. Given our evolving understanding of how local cellular activities during
sleep lead to functional outcomes for the brain, further mechanistic and theoretical
understanding of astrocytic contribution to these dynamics will undoubtedly be of great
basic and translational beneﬁt.
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INTRODUCTION
Astrocytes are characterized by a highly ramiﬁed structure of
cellular processes that occupy non-overlapping domains (see
Figure 1). Each astrocyte can contact a few neuronal cell bod-
ies, hundreds of dendrites, and tens of thousands of synapses
(Bushong et al., 2002; Halassa et al., 2007). Moreover, astro-
cytes can be coupled by gap junctions (Cotrina et al., 1998;
Giaumeet al.,2010; Verkhratsky,2011) toformacellularnetwork
called “astrocytic syncytium.” This elaborate morphology under-
lies the complexity of astrocyte function in the brain. Indeed, the
impact of astrocytes on synaptic physiologyis multifaceted, rang-
ing from structural support to the regulation of the composition
of the extracellular space and neuromodulation (for reviews see
Haydon, 2001; Fellin and Carmignoto, 2004; Allen and Barres,
2005; Volterra and Meldolesi, 2005; Barres, 2008; Fellin, 2009).
While astrocytes lack active membrane properties (Zhou
et al., 2009), their passive properties are crucial to regulating
extracellular potassium (Higashi et al., 2001; Kucheryavykh et al.,
2007). Astrocytes alsoclearextracellular excitatory andinhibitory
neurotransmitters via speciﬁc transporters, a process that ensures
high ﬁdelity synaptic transmission (Kimelberg et al., 1986; Dabir
et al., 2006).
One of the most exciting discoveries in modern neuroscience
has been the demonstration that astrocytes release chemical
transmitters (Figure 2) among which D-serine and ATP are
two of the most studied. D-serine increases the current ﬂow-
ing through NMDA receptors by acting as a co-agonist and
providing an important regulatory feedback that controls synap-
tic transmission and plasticity (Panatier et al., 2006)( Figure 2C).
In contrast, ATP binds to purinergic receptors (Gordon et al.,
2005), or activates adenosine A1 and A2 receptors (through its
metabolite, Adenosine) to modulate neuronal excitability and
information transfer at the synapse (Pascual et al., 2005; Panatier
et al., 2011)( Figure 2B). Two studies extended these initial ﬁnd-
ings, demonstrating that astrocytes provide powerful modulation
of sleep dynamics and behavior (Fellin et al., 2009; Halassa et al.,
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FIGURE 1 | Astrocytes are characterized by complex morphology. (A,B)
Single-plane ﬂuorescence images of an astrocyte expressing soluble GFP
(A) or a membrane-boundYFP (B).I nA the cell body and the principal
cellular processes are clearly visible. When the ﬂuorophore is bound to the
membrane (B), small distal processes are more easily identiﬁed because of
the increased surface-to-volume ratio of these thin cellular compartments.
Scale bar 20μm. Courtesy of A. M. De Stasi and T. Fellin.
2009). Taken together, these observations strongly support the
notion that local astrocytic modulation at the synaptic level
translates into an active control of network activities, such that
higher brain functions are served by the integrated circuits of
neurons and glia (Halassa and Haydon, 2010).
This review aims to frame such recent ﬁndings on the active
role of astrocytes in sleep and behavior in light of our evolving
understanding of sleep phenomenology and function, focusing
on sleep’s expression in forebrain circuits. Moreover, we pay
particular attention to the computational implications of such
ﬁndings in the attempt to build a theoretical framework for
future experiments. This endeavor will allow us and others to
conceptualize what is currently known about astrocytic modula-
tion of neuronal network function and test new computationally
inspired hypotheses. We hope that a community-wide effort of
similar motivation will bridge the gap between experiments and
models, in order to promote better understanding of the function
of integrated circuit function in the brain.
SLEEP: BACKGROUNDAND FUNCTION
Although details can differ among animals, a number of com-
mon characteristics have been used to deﬁne sleep as a universal
behavior (Cirelli and Tononi, 2008). Among them are changes in
posture, reduced responsiveness to environmental stimuli, and
changes in global brain activity (Bjorness and Greene, 2009).
Such characteristics are based on mammalian physiology, which
traditionally classiﬁes sleep into categories of rapid eye move-
ment (REM) and non-rapid eye movement (NREM) stages using
electroencephalographic (EEG) and electromyographic (EMG)
criteria. While in REM sleep the EEG is characterized by high fre-
quency, low amplitude activity; NREM sleep, by contrast, has an
abundance of low frequency, high amplitude oscillations. These
rhythmic activities are oscillations of varying frequency, ampli-
tude and duration, including “slow oscillations,” “slow waves,”
and “sleep spindles” (see Box 1 for a description of the neuronal
circuits thought to generate these activity patterns).
Among the many functions attributed to sleep, one of the
key ones is its role in memory. Two main hypotheses have been
proposed to explain the ﬁnding that sleep appears to enhance
memory. The synaptic scaling hypothesis suggests that the neo-
cortex undergoes net synaptic potentiation during waking expe-
riences, due to sensory-driven synaptic activity and increased
release of neuromodulators (Tononi andCirelli, 2003). According
to this hypothesis, sleep evolved as a mechanism to downscale
synapses while preserving their relative weights, balancing energy
and space demands of the brain. This model is supported by
several biochemical and electrophysiological observations. For
example, recordings from layer II/III neocortical pyramidal neu-
rons have shown that both the amplitude and frequency of
miniature excitatory postsynaptic currents (mEPSCs) increase as
a function of wakefulness, anddecrease asa function of sleep (Liu
et al., 2010). Phosphorylation at Ser831 of the AMPA glutamate
receptor 1 subunit (GluR1) in cortical synaptoneurosomes—a
change that increases single AMPA channel conductance and
is known to be induced by synaptic potentiation—is enhanced
by wakefulness, and reversed by sleep (Vyazovskiy et al., 2008).
In vivo recordings of the neocortex in the freely behaving prepa-
ration have shown that neural ﬁring rates (Vyazovskiy et al.,
2009) and trans-callosal synaptic transmission (Vyazovskiy et al.,
2008) exhibit a similar bidirectional modulation by wake and
sleep.
By contrast to the synaptic scaling hypothesis, the memory
trace reactivation hypothesis suggests that sleep is a state in which
memories are consolidated by ofﬂine reactivation of the neurons
involved in memory encoding during recent wakefulness (Lee
and Wilson, 2002). This hypothesis is supported by recordings
of neuronal ensembles from the hippocampus, where sequences
of pyramidal neuronal ﬁring encoding spatial trajectories during
active behavior are replayed during subsequent sleep (Lee and
Wilson, 2002). Replay events occur during 200–300Hz oscilla-
tions of the hippocampal local ﬁeld potential (LFP) known as
ripples, whose electrical disruption has been shown to attenuate
spatial memory (Girardeau et al., 2009).
Recent observations that astrocytes actively modulate brain
rhythms thought to mediate these two processes, raise the need
for computational studies of astrocytic function in order to fully
understand the outcome of these two possible sleep functions.
LOCAL EXPRESSION OF SLEEP DYNAMICS
While EEG tends to provide excellent information about the
precise timing of brain events (i.e., excellent temporal resolu-
tion), the location in the brain where these events are taking
placearerelativelypoor(i.e.,limited spatialresolution).However,
the development of high-resolution monitoring of neural activ-
ity had major impact on the study of sleep. High-density EEG
recordings have shown that slow oscillations occurring during
NREM sleep are traveling wave originating from frontal cortical
areas (Massimini et al., 2004). Intracranial recordings in patients
undergoing epilepsy surgery demonstrated that both slow waves
and sleep spindles are expressed in a spatially conﬁned man-
ner, rather than simultaneously occurring across multiple corti-
cal regions (Nir et al., 2011). Asynchronous spindle generation
has also been corroborated by magnetoencephalography (MEG),
revealing distinct spindles that may be obscured in EEG record-
ings(Dehghanietal.,2010).Moreover, severalstudieshaveshown
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FIGURE 2 | Astrocytes release chemical transmitters to modulate
information transfer at the synapse. (A–C) Schematic drawings showing
the effect of astrocytic neuromodulation on synaptic function. Astrocytes
release ATP which, after rapid extracellular degradation to adenosine,
activates adenosine A1 receptors located at pre-synaptic sites and leads to a
decrease in the release of neurotransmitter (B). Astrocytes can also release
D-serine which potentiates the current ﬂowing through post-synaptic NMDA
receptors thus leading to increased post-synaptic responses (C).
Box 1 | Neural circuits underlying sleep dynamics.
The mammalian NREM sleep EEG is characterized by the expression of slow waves that include the cortical slow oscillations (<1Hz)and
delta oscillations (1–4Hz) (Buzsáki, 2006). While earlier reports have proposed that these two dynamics are distinct, recent experiments
have suggested that they may be expression of the same cellular process: cortical neuronal UP and DOWN states (Timofeev and Chauvette,
2011). During slow oscillations the membrane potential of neocortical neurons is characterized by rhythmic ﬂuctuations between two main
states, the UP and the DOWN states at frequency <1Hz(Contreras and Steriade, 1995). While DOWN-state transitions are characterized
by the absence of synaptic inputs and membrane potential stability close to a value corresponding to the membrane resting potential, the
UP state is a 0.200–1.5 s-long 15–20mV depolarization during which action potential ﬁring occurs. UP states are generated by bursts of
synaptic inputs and are blocked by the voltage-gated sodium channel blocker tetrodotoxin (TTX). Moreover, UP- and DOWN-state transitions
can be generated in cortical slices (Sanchez-Vives and McCormick, 2000) or surgically isolated cortical slabs in vivo (Timofeev et al., 2000).
Although these initial observations suggested that cortical circuits are sufﬁcient to generate this type of network oscillation, it must be
considered that afferent ﬁbers from other brain regions modulate UP- and DOWN-state generation in the cortex. In fact, incoming sensory
inputs from the thalamus have been shown to trigger cortical UP-state transitions in vivo (Steriade et al., 1993) while electrical stimulation of
thalamocortical axons reliably generates cortical UP-states in thalamocortical slice preparation (MacLean et al., 2005). Further, while much
of the earlier work characterizing these cortical states had been performed under anesthesia, recent work in the head-ﬁxed preparation
has corroborated the cellular basis of the cortical slow oscillation (Chauvette et al., 2011).
In addition to slow waves, sleep spindles are characteristic features that are present in NREM sleep. These phasic 11–15Hz oscillations,
of approximately 0.5–3s duration, appear in the EEG at a frequency of 0.1–0.2Hz (Steriade, 2000). Spindles are thought to be generated by
the thalamic reticular nucleus (TRN), a shell of GABAergic neurons that surround the dorsal thalamus and exert powerful synaptic inhibition
on thalamocortical relay neurons (Bazhenov et al., 2000; Halassa et al., 2011). TRN and relay neurons express T-type Ca2+ channels,
allowing them two modes of ﬁring: tonic ﬁring and bursting. At a depolarized membrane potential above the resting potential of −65mV,
these cells ﬁre single Na+ spikes (tonic ﬁring). But when hyperpolarized below the resting potential, they exhibit T-type Ca2+ channel-
mediated spikes each characterized by a large Ca2+ spike crowned by high frequency bursts of Na+ spikes at a frequency of ∼300Hz
(McCormick and Bal, 1997). It is thought that rhythmic bursting of the TRN at the spindle frequency entrains the thalamus by rhythmically
de-inactivating T-type Ca2+ channels, causing thalamic relay neural populations to oscillate at the spindle frequency and thereby drive
the neocortex (Timofeev and Chauvette, 2011). Recent evidence also underlies the importance of the corticothalamic interactions in the
regulation of spindles (Bonjean et al., 2011).
the occurrence of sleep dynamics in localized brain regions dur-
ing waking behavior (Vyazovskiy et al., 2011) and the occurrence
of waking dynamics in localized brain areas during sleep (Nobili
et al., 2011). These discoveries paint a new picture of brain state
regulation adding further complexity than previously thought
(Rector et al., 2009; Krueger and Tononi, 2011). Sleep may be
better described as a continuous variable along a state-spectrum.
In addition, graded activation of state-controlling microcircuits
maybe utilizedto achieve diverse outcomes pertinent to processes
such as working memory and selective attention (Harris and
Thiele, 2011).
An intriguing question is the mechanism by which this
local regulation of brain dynamics occurs. It is known that
local increases in slow waves are dependent on prior behavior
(Huber et al., 2004, 2006). For example, training on a motor
task that requires hand movement has been shown to result
in disproportionate increase of slow waves in the contralateral
sensory-motor cortex (Huber et al., 2004). This suggests that
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the expression of slow waves could either be driven by local
circuitry, or be modiﬁed by it. Further, the amplitude of slow
waves might be dependent on the underlying local synaptic
weights (Esser et al., 2007). Therefore, local modulators of synap-
tic transmission could serve as ideal candidates for mediating
local generation of sleep dynamics. Below, we discuss anatomi-
cal and functional evidence suggesting that astrocytes are ideal
candidates for providing local modulation of sleep dynamics.
Among the different functions that astrocytes play in the brain,
wewillfocusourattentionontheprocessofneuroactivemolecule
release.
ASTROCYTE REGULATION OF SYNAPSES
In the last 20 years, astrocytes have been shown to directly
release chemical transmitters in a process termed “gliotransmis-
sion” (Zhang and Haydon, 2005). In this process, astrocytes
release neurotransmitters, cytokines, peptides, and neuromod-
ulators that can provide an important regulatory feedback to
neurons (Halassa and Haydon, 2010).
Astrocytes express the enzyme serine racemase (Wolosker
et al., 1999a,b), a protein that converts the amino acid L-
serine to D-serine. D-serine is known to bind the glycine-site
of the N-methyl-D-Aspartate receptor (NMDAR) with four times
the afﬁnity of glycine (Wolosker et al., 1999a,b)( Figure 2C).
The impact of astrocytic D-serine on synaptic transmission and
plasticity has been mostly studied in the hypothalamus and the
hippocampus, where theproximity ofastrocyticprocesses toneu-
rons determines D-serine availability to the synapse, and thus
the ability of the synapse to express NMDAR-dependent plas-
ticity (Panatier et al., 2006; Henneberger et al., 2010). More
recently, studies in the mouse neocortex in vivo have shown
that astrocytic Ca2+ signaling and associated D-serine release
are important for translating cholinergic modulatory signals to
NMDAR-dependent cortical plasticity (Takata et al., 2011).
ATP released from astrocytes can modulate neurons directly
through the activation of P2 receptors (Gordon et al., 2009;
Gourine et al., 2010). Alternatively, after rapid degradation
to adenosine by ectonucleotidases (Dunwiddie et al., 1997;
Dunwiddie and Masino, 2001), it can modulate synaptic
transmission through the activation of adenosine receptors
(Pascual et al., 2005; Serrano et al., 2006; Panatier et al., 2011).
Astrocytic ATP can be stored in secretory compartments that
fuse in a SNARE-dependent fashion upon an increase of the
intracellular Ca2+ concentration (Coco et al., 2003; Zhang et al.,
2007). Using a mouse model in which SNARE-dependent glio-
transmission was impaired (dnSNARE mouse), Pascual et al.
showed that astrocytes release ATP to control the strength of
hippocampal synapses through its metabolite adenosine (Pascual
et al., 2005)( Figure 2B). Using extracellular ﬁeld recordings and
brain slice preparation, these authors found that basal synap-
tic transmission was increased in transgenic mice, compared to
wild type (WT) mice, a phenotype that was mimicked by the
application of the A1-receptor antagonist, DPCPX (or CPT) in
WT animals. In contrast, application of the A1 receptor ago-
nist, CCPA, partially recovered the phenotype in transgenic
mice, causing the reduction of fEPSP. Evidence that adenosine
is generated by degradation of ATP comes from the observation
that in slices from WT animals, the application of the ectonu-
cleotidase inhibitor ARL67156 caused an inhibition of synaptic
transmission that was blocked by the P2 receptor antagonist RB-
2. This effect was absent in transgenic mice. Moreover, using a
luciferine-luciferase assay, extracellular ATP levels were found to
be reduced in transgenic mice, compared to controls.
The same study (Pascual et al., 2005) provided evidence that
astrocytes release ATP in two modes: tonic release, which leads to
a persistent synaptic suppression, and phasic release, which mod-
ulates synaptic plasticity when activity-dependent recruitment of
astrocytesoccurs.Morespeciﬁcally,itwasdemonstrated thatglia-
derived adenosine is responsible for activity-dependent heterosy-
naptic depression at excitatory synapses through A1 receptors
(Pascual et al., 2005). Thus, astrocytes operate as sensors of neu-
ronalactivity and provide an activity-dependent phasic and tonic
modulatory feedback to synapses at a local scale. On a longer
timescale, adenosine acting through adenosine A1 receptors has
been shown to control the surface expression of postsynaptic
NMDA receptors (Deng et al., 2011), suggesting that astrocytic
modulation of synaptic physiology can span multiple timescales.
How this modulation relates to neural network function and
behavior has just become possible to study (Fellin et al., 2009;
Halassaet al.,2009), given the advances in moleculargenetics and
astrocyte-speciﬁc manipulations. Below, we review the ﬁrst few
studies that have started addressing this topic.
ASTROCYTICREGULATION OF NEURONAL CIRCUITS
AND SLEEP
The ﬁrst study to demonstrate an impact of astrocytes and
gliotransmission on brain dynamics used the dnSNARE mouse
(discussed above) showing that impairment of vesicular glio-
transmission attenuates cortical slow oscillations (Fellin et al.,
2009). Intracellular patch-clamp recordings in vivo revealed that
the reduction of the slow oscillations was due to decreased UP-
state probability of cortical neurons. (See Box1 for deﬁnition of
UP and DOWN states). UP-state transitions were found to be
shorter and DOWN-state transitions longer in transgenic mice
compared to controls (Figure 3), leading also to a reduction in
the frequency of UP-state transitions. In contrast, the maximal
amplitudeoftheUP-statewasunaffectedbytransgeneexpression.
Importantly, the reduction in slow oscillations was conﬁrmed
by chronic EEG recordings in freely behaving mice during nat-
ural sleep (Fellin et al., 2009). Following sleep deprivation, the
power of slow oscillations in NREM sleep was selectively reduced
in these animals. These network effects were the consequence of
astrocytic modulation of intracortical synaptic transmission at
two sites: a hypofunction of postsynaptic NMDA receptors, and
by reducing extracellular adenosine, a loss of tonic A1 receptor-
mediated inhibition. Indeed, AMPA/NMDA current ratio was
found to be increased in transgenic mice compared to controls.
This was due to selective decrease in NMDA receptor current due
to impaired D-serine release and reduction in the surface expres-
sion of NMDA receptors. Moreover, application of the adenosine
receptor antagonist CPT caused a signiﬁcant increase in synap-
tic transmission in slices derived from WT—but not transgenic
animals—demonstrating that the tonic level of adenosine was
dependent on astrocytic gliotransmission. This dual astrocytic
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FIGURE 3 | Astrocytes modulate slow oscillations. (A) Representative
patch-clamp recordings from WT (top) and dnSNARE (bottom) anesthetized
animals in vivo, showing reduced slow oscillations in transgenic mice with
impaired gliotransmission (dnSNARE). (B,C) Cumulative distribution showing
shorter UP (B) and longer DOWN- (C) state durations in dnSNARE mice
(grayline)comparedtoWTcontrols(blackline).ModifedfromFellinetal.(2009).
regulation at synaptic level correlated with the observed changes
in network activity recorded in living animals. In vivo appli-
cation of CPT caused an increase in slow oscillations in WT
animals, but not in transgenic animals, while application of the
NMDA receptor antagonist D-AP5 caused a signiﬁcant decrease
in slow oscillation power in WT but not in transgenic mice.
Based on these results, it was concluded that astrocytic regula-
tion at the synaptic level translates into active feedback at the
neuronal-network level (Fellin et al., 2009). It is important to
note that astrocytic regulation of network UP-states has also been
conﬁrmed by a recent in situ study (Poskanzer and Yuste, 2011),
and that a role of adenosine in the regulation of low frequency
rhythmogenesis has been recently described in the thalamus
(Lorincz et al., 2009). In this latter study, infra-slow oscillations
were observed to be strongly regulated by ATP and by its metabo-
liteadenosine.Althoughnottested directly inthatstudy, thalamic
astrocytes could be a potential cellular source of this nucleoside.
To address the impact of slow wave reduction on sleep behav-
ior,chronicpolysomnographywasimplemented inthednSNARE
mice and their WT littermates. The major ﬁnding was that slow-
wave homeostasis was reduced in the dnSNARE mice under
baseline conditions and was accentuated after sleep deprivation
(Halassa et al., 2009). This electrophysiological phenotype was
accompanied by altered sleep homeostasis, where dnSNARE mice
failed to exhibit an increased in sleep time following 6h of
sleep deprivation. Consistent with other studies (Pascual et al.,
2005; Fellin et al., 2009), the effect of transgene expression was
mimicked by intraperitoneal injection of CPT in WT animals.
Moreover, attenuation of gliotransmission resulted in the alter-
ations of the cognitive impairments following sleep deprivation
assessed with a novel object recognition test, an effect that was
phenocopied in WT animals by injection of CPT.
Takentogether,thesedatashowthatastrocyticpurinesregulate
synaptic transmission. By doing so, they also regulate network
dynamics, cortical low-frequency rhythmogenesis andsleep itself.
As described previously, although astrocytes are organized in
a cellular syncytium, single cells occupy separate domains and
lack long-range cellular projections. Thus, by releasing chemical
transmitters, astrocytes may function as local modulators of neu-
rons and networks and these processes might have important
implication in sleep. For example, local increase in extracellu-
lar adenosine following ATP release in the thalamus and cor-
tex may profoundly impact the generation of thalamocortical
dynamics. Although adenosine generated by astrocyte-released
ATP was shown to act mainly on synaptic transmission (but
see Panatier et al., 2011), astrocyte-derived adenosine could also
directly impact the intrinsic properties of thalamic cells by acti-
vating somatic A1 receptors leading to cell hyperpolarization.The
ability to manipulate neuronal ﬁring and intracellular signaling
of neurons and astrocytes by optogenetic technologies (Boyden
et al., 2005) will undoubtedly open the door to answering these
and other questions on the role of neuron-glial control of brain
activity.
ASTROCYTIC MODULATIONOF NETWORKS:
IMPLICATION FOR MODELING STUDIES
The experimental ﬁndings discussed above open new venues in
computational modeling of network activity, and suggest that
obtaining an accurate description of synaptically connected net-
works requires the inclusionof local astrocytic neuromodulation.
In particular, previous computational studies showed that the
strength of synaptic connections is crucial to regulate network
synchronization during slow oscillation activity (Bazhenov et al.,
2002; Compte etal.,2003; Esseret al.,2007).Thisiswell predicted
bythetheorythatsynchronizationofcoupledoscillatorsisheavily
inﬂuenced by the strength of the coupling (Pikovsky et al., 2001;
Wang, 2010). Therefore, given the importance of the astrocyte
in regulating synaptic physiology, it is obvious that realistic
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modeling of slow oscillation activity needs to include astrocytic
neuromodulation.
In the remainder of this review, we will focus on two aspects of
gliotransmissionthatwe believecriticalforfuturedevelopmentof
modeling studies: temporal and spatial complexity of astrocytic
neuromodulatory feedback to networks. While the question of
howtodeﬁneconnectivityinneuron-glianetworksremainsopen,
arguablythepathto theproper answerrests inthedistinctionand
appreciation of the different temporal and spatial scales underly-
ing astrocytic neuromodulation. Precise understanding of these
two aspects of astrocyte-to-neuron communication will be essen-
tial for the establishment of realistic and constrained models.
TEMPORAL ASPECTS OF GLIOTRANSMISSION
Evidence that gliotransmission operates on different time scales
adds levels of complexity to our understanding of brain net-
works, and provides a challenging framework for experimen-
tation and theory alike. For example, phasic ATP release from
astrocytes provides an adenosinergic, activity-dependent het-
erosynaptic depression. Concurrently, tonic astrocytic adenosine
mediates aconstantsuppression ofpresynapticterminalsthrough
the activation of A1 receptors (Pascual et al., 2005; Halassa et al.,
2009). Thus, the time scales of activity of gliotransmitters may
be different and the phasic or tonic action must be included in a
model as a crucial parameter.
In the context of slow oscillations, phasic release of ATP and
D-serine by astrocytes (Panatier et al., 2006; Zhang et al., 2007)
may modulate cortical UP and DOWN states. In the model orig-
inally developed by Hill and Tononi (2005), the depolarizing
inﬂuenceofNMDAcurrentsplaysanimportant roleinmaintain-
ing the UP state as well as its synchronyamong different neurons.
This is likely due to the broadening of dendritic integration time
constants by NMDA currents (Gasparini and Magee, 2006). The
slow decay of NMDA currents could indeed account for integra-
tion of the highly heterogeneous synaptic inputs observed during
UP states (McCormick et al., 2003), providing sufﬁcient tonic
drive to maintainneuronalﬁringpersistence (Wang, 1999). Thus,
a transient increase of NMDA currents due to the phasic release
of D-serine from the astrocyte could promote neuronal ﬁring,
favoring synchrony and prolonging the duration of the UP state.
On the other hand, this effect could be contrasted by transient
weakening of synaptic transmission by phasic release of ATP and
the subsequent accumulation of adenosine (Pascual et al., 2005;
Serrano et al., 2006; Panatier et al., 2011). Another intriguing
possibility is that astrocytic adenosine modiﬁes synaptic ﬁltering
properties affecting the switch between short-term depression or
facilitation (Abbott and Regehr, 2004). This scenario was recently
addressed in a theoretical study by De Pittà et al. (2011): astro-
cytic control of the mode of synaptic plasticity was shown to
depend on astrocyte-mediated modulation of synaptic ﬁltering.
One prediction of this study is that astrocyte-derived adenosine
could favor the induction of short-term synaptic facilitation in
response toincomingpatternedactivity, inagreementwith exper-
imental results (Pascual et al., 2005). In Figure4, we modeled the
ﬁring activity of a cortical neuron triggered by a sample train of
synaptic inputs reminiscent of UP and DOWN states (Hill and
Tononi, 2005; Destexhe, 2009) under low (Control) and high
FIGURE 4 | Weakening of synaptic transmission by astrocyte-derived
ATP and adenosine could promote bursting at the onset of the UP
state. (A) A stereotypical synaptic input alternating a phase of intense
presynaptic ﬁring to a relative quiescent phase, reminiscent of UP and
DOWN states, respectively, is fed into a model of cortical neuron. (B) In
control conditions, for low extracellular levels of ATP/adenosine (Adn),
synaptic release probability is high, and the average synaptic conductance
(red traces) is shaped by short-term depression while neuron ﬁres
(black trace) at sustained rate during the UP state. (C) For increased levels
of ATP/Adn, the ﬁring rate dramatically decreases due to the upstream
reduction of these purines of synaptic release probability, but as shown in
the histogram in (D), due to the modulation of the synaptic ﬁltering
characteristics by increased extracellular ATP/Adn concentration, the
neuron ﬁres a burst of actions potentials at the onset of UP states at higher
frequency than in (B) in control conditions (n = 100; Bar + Error bar:
Mean + STD; χ2 test, p < 0.001). Synaptic release and ATP/Adn
modulation of it were modeled as in panel 4A in De Pittà et al. (2011).
Postsynaptic currents were computed as the product of postsynaptic
conductance and membrane voltage. Each input spike contributed to a
change of postsynaptic conductance proportional to the amount of
synaptically-released resources by a α-function such as α(t) = gmax ·
exp(1 − t/τ) · t/τ (Ermentrout and Terman, 2010)w i t hg max = 500mS/cm2
and τ = 20ms. The postsynaptic neuron was modeled as a regular spiking
(RS) neuron according to (Destexhe, 2009).
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(ATP/Adn) concentration of extracellular purines, which mim-
ics increased extracellular adenosine concentration mediated by
astrocytes during wakefulness (Schmitt et al., 2012). In the latter
case, neuronal ﬁring is reduced because of the upstream decrease
of synaptic release probability by the purines which results in a
weakened averaged synaptic conductance (red traces). However,
under these same circumstances, the neuron mostly ﬁres at the
transitions from DOWN to UP states and the ﬁring rate is higher
at these transitions due to the modiﬁed synaptic ﬁltering charac-
teristics. Ona network level,thisprocessmaypromote synchrony,
providing a potential local mechanism to trigger UP states at
every cycle of the slow oscillations (Crunelli and Hughes, 2009).
In vitro, for example, the ensuing inhibiting action of gliotrans-
mission on synaptic release could account for the occurrence of
synchronized bursting events and the observed neuronal ﬁring
statistics (Volman et al., 2007).
The interplay of tonic vs. phasic and activity-dependent reg-
ulation of synaptic transmission by the number of gliotrans-
mitters that can be released from astrocytes is an important
aspect to consider when studying how astrocytes shape neuronal
network activity (Volman et al., 2007; Nadkarni et al., 2008;
Silchenko and Tass, 2008; De Pittà et al., 2011). It is intrigu-
ing to consider how a single gliotransmitter can have contrasting
effects on synaptic transmission. On one hand, astrocytic adeno-
sine reduces synaptic transmission by binding to presynaptic
A1 receptors (Pascual et al., 2005). On the other hand, activa-
tion of A1 receptors increases surface expression of postsynaptic
NMDARs and synaptic strength (Deng et al., 2011). What is the
computational value of a tonic reduction of presynaptic release
probability while slowly increasing postsynaptic NMDA receptor
currents?Anintriguingpossibilitycouldbesynaptic redistribution
(Markram and Tsodyks, 1996). According to the synaptic-scaling
hypothesis of sleep (Tononi and Cirelli, 2006), plastic processes
occurring during wakefulness result in a net increase of synaptic
strength in forebrain circuits. At individual synapses, such poten-
tiation is likely regulated by spike-timing dependent plasticity
(STDP). But at the network level, additional mechanisms might
be required to dynamically regulate the progressive increase of
synaptic strength and counteract its tendency to destabilize post-
synaptic ﬁring rates, either reducing them to zero or increasing
them excessively (Abbott and Nelson, 2000). Redistribution of
synaptic weights by presynaptic reduction of release probability
in parallel to postsynaptic increase of NMDA receptors could be
essential. Through this mechanism, synaptic potentiation could
occur without increasing the ﬁring rates of postsynaptic neurons
or the steady-state excitability of recurrent networks, and at the
same time optimizing STDP-mediated potentiation (Abbott and
Nelson, 2000). Moreover this mechanism would allow to pre-
vent energy consumption by otherwise undesired network ﬁring
(Buzsáki et al., 2002; Tononi and Cirelli, 2006). As such, synap-
tic redistribution could play a role during wakefulness similar to
that hypothesized for synaptic scaling during sleep (Tononi and
Cirelli, 2006). Ontheother hand,itislikelythatthetwo processes
arelinked.Althoughthe underlyingsignalingpathwaysremain to
be elucidated, this possibility is corroborated by the recognition
of a role of astrocytes in homeostatic brain functions mediated by
TNFα (Turrigiano, 2006). TNFα released from astrocytes (Bezzi
et al., 2001; Beattie et al., 2002) has been implicated in synap-
tic scaling (Beattie et al., 2002; Stellwagen and Malenka, 2006).
Moreover, TNFα has also been reported to control gliotransmis-
sion at granule cell synapses in the dentate gyrus (Santello et al.,
2011). Computational models that include regulation of ambi-
ent TNFα by astrocytes could provide predictions on the role of
gliotransmission during the whole sleep cycle (Krueger, 2008).
SPATIAL ASPECTS OF GLIOTRANSMISSION
Astrocytes arefunctionallyorganizedcells,anddifferentsubcellu-
lar regions of astrocytic processes could locally provide different
modulatory feedback on neighboringsynapses(Fellin et al.,2004;
Volterra and Meldolesi, 2005; Marchaland et al., 2008; Di Castro
et al., 2011; Panatier et al., 2011). From a modeling viewpoint,
this scenario subtends the notion that the “synaptic island” rep-
resented by a single astrocyte is intrinsically non-linear in its
function and modulates neuronal networks on different time
scales and also on distinct spatial scales (Goldberg et al., 2010;
Bernardinelli et al., 2011).
Transient Ca2+ elevations at astrocytic processes can occur
either spontaneously (Hirase et al., 2004; Sasaki et al., 2011)o r
be triggered by local synaptic activity (Wang et al., 2006), and
in turn can locally release ATP (Di Castro et al., 2011; Panatier
et al., 2011). Under proper conditions, however, Ca2+ signals
may propagate along astrocytic processes to other processes of
the cell and eventually to the whole cell, thus potentially allow-
ing purinergic gliotransmission to occur on a much wider spatial
scale(Panatieret al.,2006). Moreover, Ca2+ signalscanpropagate
to other neighboring astrocytes triggering ATP release from other
astrocytic cells (Volterra and Meldolesi, 2005). Despite numer-
ous modeling studies put forth to account for the rich spatial
dynamics of astrocyte Ca2+ signaling (Bennett et al., 2008; De
Pittà et al., 2009; Goldberg et al., 2010; Dupont et al., 2011), a
comprehensive theoretical framework that attempts to link local,
functionally organized Ca2+ signals to global, whole-cell Ca2+
signals and intercellular Ca2+ propagation is still missing. Also,
the origin of Ca2+ signals (i.e., intracellular vs. extracellular) and
how it links to different types of gliotransmission remains to be
fully elucidated.
CONCLUSIONS
While much of the research on astrocyte-neuron interactions
in the last 15 years has focused on the regulation of synap-
tic transmission by the astrocyte, recent experiments show that
these cells are essential modulators of network activity. Initial
reports have shown astrocytic modulation of the cortical slow
oscillation, a fundamental brain dynamic observed in sleep and
thought to be important for sleep’s functions. The involvement
of astrocytic modulation in sleep circuits makes mechanistic
sense: astrocytes are slower signaling cells compared to neurons
and may mediate activity-dependent changes of network func-
tion over extended periods of time. These discoveries come at
an exciting time in astrocyte research, where our understanding
of astrocytes function in the brain is expanding exponentially.
Moreover, these new ﬁndings call for new and more elaborate
in silico models of astrocyte-to-neuron communication that will
move from the astrocytic modulation of single synapses to that
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of networks of synaptically connected neurons. In addition to
providing fundamental insight into how the brain operates, fur-
ther development of the experimental and theoretical knowledge
of astrocyte role in the regulation of neuronal circuits will be of
tremendous translational impact.
ACKNOWLEDGMENTS
We thank R. Beltramo and A. M. De Stasi for the pictures shown
in Figure 1, and members of the Tommaso Fellin laboratory for
helpful discussion. Maurizio De Pittà and Eshel Ben-Jacob are
also grateful to H. Berry for insightful comments on modeling
aspects discussed in this paper. This work was supported by
K99 NS078115 from National Institute of Neurological Disorders
and Stroke (NINDS) to Michael M. Halassa, Telethon-Italy
(GGP10138), San Paolo “Programma in Neuroscienze” and FIRB
(RBAP11X42L) to Tommaso Fellin, and the Tauber Family Fund
and the Maguy-Glass Chair in Physics of Complex Systems at Tel
Aviv University to Maurizio De Pittà and Eshel Ben-Jacob.
REFERENCES
Abbott, L. F., and Nelson, S. B. (2000).
Synapticplasticity:tamingthebeast.
Nature 3, 1178–1183.
Abbott, L. F., and Regehr, W. G. (2004).
Synaptic computation. Nature 431,
796–803.
Allen, N. J., and Barres, B. A. (2005).
Signaling between glia and neurons:
focus on synaptic plasticity. Curr.
Opin. Neurobiol. 15, 542–548.
Barres, B. (2008). The mystery and
magic of glia: a perspective on their
roles in health and disease. Neuron
60, 430–440.
Bazhenov, M., Timofeev, I., Steriade,
M., and Sejnowski, T. (2000).
Spiking-bursting activity in the
thalamic reticular nucleus initiates
sequences of spindle oscillations in
thalamic networks. J. Neurophysiol.
84, 1076–1087.
Bazhenov, M., Timofeev, I., Steriade,
M., and Sejnowski, T. J. (2002).
Model of thalamocortical slow-wave
sleep oscillations and transitions
to activated States. J. Neurosci. 22,
8691–8704.
Beattie, E., Stellwagen, D., Morishita,
W., Bresnahan, J., Ha, B., Von
Zastrow, M., Beattie, M., and
Malenka, R. (2002). Control of
synaptic strength by glial TNFα.
Science 295, 2282–2285.
Bennett, M., Farnell, L., and Gibson,
W. (2008). A quantitative model
of cortical spreading depression
due to purinergic and gap-junction
transmission in astrocyte networks.
Biophys. J. 95, 5648–5660.
Bernardinelli, Y., Salmon, C., Jones,
E . ,F a r m e r ,W . ,S t e l l w a g e n ,D . ,a n d
Murai, K. (2011). Astrocytes dis-
play complex and localized cal-
cium responses to single-neuron
stimulation in the hippocampus.
J. Neurosci. 31, 8905–8919.
B e z z i ,P . ,D o m e r c q ,M . ,B r a m b i l l a ,L . ,
Galli, R., Schols, D., De Clercq,
E . ,V e s c o v i ,A . ,B a g e t t a ,G . ,K o l l i a s ,
G . ,M e l d o l e s i ,J . ,a n dV o l t e r r a ,
A. (2001). CXCR4-activated astro-
cyte glutamate release via TNFα:
ampliﬁcation by microglia trig-
gers neurotoxicity. Nat. Neurosci. 4,
702–710.
Bjorness, T. E., and Greene, R. W.
(2009). Adenosine and sleep. Curr.
Neuropharmacol. 7, 238–245.
Bonjean, M., Baker, T., Lemieux,
M., Timofeev, I., Sejnowski,
T., and Bazhenov, M. (2011).
Corticothalamic feedback controls
sleep spindle duration in vivo. J.
Neurosci. 31, 9124–9134.
B o y d e n ,E .S . ,Z h a n g ,F . ,B a m b e r g ,
E . ,N a g e l ,G . ,a n dD e i s s e r o t h ,K .
(2005). Millisecond-timescale,
genetically targeted optical control
of neural activity. Nat. Neurosci. 8,
1263–1268.
B u s h o n g ,E .A . ,M a r t o n e ,M .E . ,
Jones, Y. Z., and Ellisman, M.
H. (2002). Protoplasmic astrocyte
in CA1 stratum radiatum occupy
separate anatomical domains. J.
Neurosci. 22, 183–192.
Buzsáki, G. (2006). Rhythms of the
Brain.N e wY o r k ,N Y :O x f o r d
University Press.
Buzsáki, G., Csicsvari, J., Dragoi, G.,
Harris,K.,Henze,D.,andHirase,H.
(2002). Homeostatic maintenance
of neuronal excitability by burst dis-
charges in vivo. Cereb. Cortex 12,
893–899.
Chauvette, S., Crochet, S., Volgushev,
M., and Timofeev, I. (2011).
Properties of slow oscillation during
slow-wave sleep and anesthesia in
cats. J. Neurosci. 31, 14998–15008.
Cirelli, C., and Tononi, G. (2008). Is
sleep essential? PLoS Biol. 6:e216.
doi: 10.1371/journal.pbio.0060216
Coco, S., Calegari, F., Pravettoni, E.,
Pozzi, D., Taverna, E., Rosa, P.,
Matteoli, M., and Verderio, C.
(2003). Storage and release of ATP
from astrocytes in culture. J. Biol.
Chem. 278, 1354–1362.
Compte, A., Sanchez-Vives, M. V.,
McCormick, D. A., and Wang, X.-J.
(2003). Cellular and netowrk mech-
anisms of slow oscillatory activ-
ity (<1hz) and wave propagation
in a cortical network model. J.
Neurophysiol. 89, 2707–2725.
Contreras, D., and Steriade, M. (1995).
Cellular basis of EEG slow rhythms:
a study of dynamic corticothala-
mic relationships. J. Neurosci. 15,
604–622.
Cotrina, M. L., Lin, J. H.-C., Alves-
R o d r i g u e s ,A . ,L i u ,S . ,L i ,J . ,A z m i -
Ghadimi, H., Kang, J., Naus, C.
C. G., and Nedergaard, M. (1998).
Connexins regulate calcium sig-
naling by controlling ATP release.
Proc. Natl. Acad. Sci. U.S.A. 95,
15735–15740.
Crunelli, V., andHughes,S.(2009).The
slow (< 1hz) rhythm of non-REM
sleep: a dialogue between three car-
dinal oscillators. Nat. Neurosci. 13,
9–17.
D a b i r ,D .V . ,R o b i n s o n ,M .B . ,S w a n s o n ,
E . ,Z h a n g ,B . ,T r o j a n o w s k i ,J .Q . ,
L e e ,V .M . ,a n dF o r m a n ,M .S .
(2006). Impaired glutamate trans-
port in a mouse model of tau
pathology in astrocytes. J. Neurosci.
26, 644–654.
Dehghani, N., Cash, S. S., Rossetti, A.
O., Chen, C. C., and Halgren, E.
(2010). Magnetoencephalography
demonstrates multiple asyn-
chronous generators during human
sleep spindles. J. Neurophysiol. 104,
179–188.
D eP i t t à ,M . ,G o l d b e r g ,M . ,V o l m a n ,V . ,
Berry, H., and Ben-Jacob, E. (2009).
Glutamate-dependent intracellular
calcium and IP3 oscillating and pul-
sating dynamics in astrocytes. J.
Biol. Phys. 35, 383–411.
De Pittà, M., Volman, V., Berry, H.,
and Ben-Jacob, E. (2011). A tale of
two stories: astrocyte regulation of
synaptic depression and facilitation.
PLoS Comput. Biol. 7:e1002293. doi:
10.1371/journal.pcbi.1002293
Deng, Q., Terunuma, M., Fellin, T.,
Moss, S. J., and Haydon, P. (2011).
Astrocytic activation of A1 recep-
tors regulates the surface expression
of NMDA receptors through a src
kinase dependent pathway. Glia 59,
1084–1093.
Destexhe, A. (2009). Self-sustained
asynchronous irregular states and
Up-Down states in thalamic, corti-
cal and thalamocortical networks
of nonlinear integrate-and-ﬁre
neurons. J. Comput. Neurosci. 27,
493–506.
Di Castro, M., Chuquet, J., Liaudet,
N., Bhaukaurally, K., Santello, M.,
Bouvier, D., Tiret, P., and Volterra,
A. (2011). Local Ca2+ detection
and modulation of synaptic release
by astrocytes. Nat. Neurosci. 14,
1276–1284.
D u n w i d d i e ,T . ,D i a o ,L . ,a n dP r o c t o r ,
W. (1997). Adenine nucleotides
undergo rapid, quantitative con-
version to adenosine in the extra-
cellular space in rat hippocampus.
J. Neurosci. 17, 7673–7682.
Dunwiddie, T., and Masino, S.
(2001). The role and regulation
of adenosine in the central nervous
system. Annu. Rev. Neurosci. 24,
31–55.
Dupont, G., Loomekandja Lokenye, E.,
and Challiss, R. (2011). A model
for Ca2+ oscillations stimulated by
the type 5 metabotropic gluta-
mate receptor: an unusual mecha-
nism based on repetitive, reversible
phosphorylation of the receptor.
Biochimie 93, 2132–2138.
Ermentrout, G., and Terman, D.
(2010). Mathematical Foundations
of Neuroscience, Vol. 35. New York,
NY: Springer Verlag.
Esser,S.,Hill, S.,and Tononi, G.(2007).
Sleep homeostasis and cortical syn-
c h r o n i z a t i o n :I .M o d e l i n gt h ee f f e c t s
of synaptic strength on sleep slow
waves. Sleep 30, 1617–1630.
Fellin, T. (2009). Communication
between neurons and astrocytes:
relevance to the modulation of
synaptic and network activity.
J. Neurochem. 108, 533–544.




Fellin, T., Halassa, M., Terunuma, M.,
S u c c o l ,F . ,T a k a n o ,H . ,F r a n k ,M . ,
Moss, S., and Haydon, P. (2009).
Endogenous nonneuronal modula-
tors of synaptic transmission con-
trol cortical slow oscillations in vivo.
Proc. Natl. Acad. Sci. U.S.A. 106,
15037–15042.
Fellin, T., Pascual, O., Gobbo, S.,
Pozzan, T., Haydon, P. G., and
Carmignoto, G. (2004). Neuronal
synchrony mediated by astrocytic
glutamate through activation of
extrasynaptic NMDA receptors.
Neuron 43, 729–743.
Frontiers in Computational Neuroscience www.frontiersin.org August 2012 | Volume 6 | Article 65 | 8Fellin et al. Astrocytic modulation of sleep
Gasparini, S., and Magee, J. (2006).
State-dependent dendritic compu-
tation in hippocampal CA1 pyra-
midal neurons. J. Neurosci. 26,
2088–2100.
Giaume, C., Koulakoff, A., Roux,
L., Holcman, D., and Rouach, N.
(2010). Astroglial networks: a step
further in neuroglial and gliovascu-
lar interactions. Nat. Rev. Neurosci.
11, 87–99.
Girardeau, G., Benchenane, K., Wiener,
S. I., Buzsaki, G., and Zugaro, M.
B. (2009). Selective suppression of
hippocampal ripples impairs spa-
tial memory. Nat. Neurosci. 12,
1222–1223.
G o l d b e r g ,M . ,D eP i t t à ,M . ,V o l m a n ,
V., Berry, H., and Ben-Jacob, E.
(2010). Nonlinear gap junctions
enable long-distance propaga-
tion of pulsating calcium waves
in astrocyte networks. PLoS
Comput. Biol. 6:e1000909. doi:
10.1371/journal.pcbi.1000909
Gordon, G. R., Baimoukhametova, D.
V., Hewitt, S. A., Rajapaksha, W.
R . ,F i s h e r ,T .E . ,a n dB a i n s ,J .
S. (2005). Norepinephrine triggers
release of glial ATP to increase post-
synaptic efﬁcacy. Nat. Neurosci. 8,
1078–1086.
G o r d o n ,G .R . ,I r e m o n g e r ,K .J . ,
K a n t e v a r i ,S . ,E l l i s - D a v i e s ,G .C . ,
MacVicar, B. A., and Bains, J. S.
(2009). Astrocyte-mediated dis-
tributed plasticity at hypothalamic
glutamate synapses. Neuron 64,
391–403.
Gourine, A. V., Kasymov, V., Marina,
N., Tang, F., Figueiredo, M. F., Lane,
S., Teschemacher, A. G., Spyer, K.
M., Deisseroth, K., and Kasparov,
S.(2010).Astrocytes control breath-
ing through pH-dependent release
of ATP. Science 329, 571–575.
Halassa, M., Florian, C., Fellin, T.,
M u n o z ,J . ,L e e ,S . ,A b e l ,T . ,H a y d o n ,
P., and Frank, M. (2009). Astrocytic
modulation of sleep homeostasis
and cognitive consequences of sleep
loss. Neuron 61, 213–219.
Halassa, M., and Haydon, P. (2010).
Integrated brain circuits: astrocytic
networks modulate neuronal activ-
ity and behavior. Annu.Rev. Physiol.
72, 335–355.
Halassa, M. M., Fellin, T., Takano, H.,
D o n g ,J . - H . ,a n dH a y d o n ,P .G .
(2007). Synaptic islands deﬁned by
the territory of a single astrocyte.
J. Neurosci. 27, 6473–6477.
H a l a s s a ,M .M . ,S i e g l e ,J .H . ,R i t t ,
J .T . ,T i n g ,J .T . ,F e n g ,G . ,a n d
Moore,C.I.(2011).Selectiveoptical
drive of thalamic reticular nucleus
generates thalamic bursts and cor-
tical spindles. Nat. Neurosci. 14,
1118–1120.
Harris, K. D., and Thiele, A. (2011).
Cortical state and attention. Nat.
Rev. Neurosci. 12, 509–523.
Haydon, P. G. (2001). Glia: listening
and talking to the synapse. Nat. Rev.
Neurosci. 2, 185–193.
Henneberger, C., Papouin, T., Oliet, S.
H. R., and Rusakov, D. A. (2010).
Long-term potentiation depends on
release of D-serine from astrocytes.
Nature 463, 232–237.
Higashi, K., Fujita, A., Inanobe, A.,
Tanemoto, M., Doi, K., Kubo, T.,
and Kurachi, Y. (2001). An inwardly
rectifying K(+) channel, Kir4.1,
expressed in astrocytes surrounds
synapses and blood vessels in brain.
A m .J .P h y s i o l .C e l lP h y s i o l .281,
C922–C931.
Hill, S., and Tononi, G. (2005).
Modeling sleep and wakefulness
in the thalamocortical system. J.
Neurophysiol. 93, 1671–1698.
Hirase, H., Qian, L., Barthó, P.,
and Buzsáki, G. (2004). Calcium
dynamics of cortical astrocytic
networks in vivo. PLoS Biol. 2:e96.
doi: 10.1371/journal.pbio.0020096
H u b e r ,R . ,G h i l a r d i ,M .F . ,M a s s i m i n i ,
M., Ferrarelli, F., Riedner, B. A.,
Peterson, M. J., and Tononi, G.
(2006). Arm immobilization causes
cortical plastic changes and locally
decreases sleep slow wave activity.
Nat. Neurosci. 9, 1169–1176.
H u b e r ,R . ,G h i l a r d i ,M .F . ,M a s s i m i n i ,
M., and Tononi, G. (2004). Local
sleep and learning. Nature 430,
78–81.
Kimelberg, H. K., Bowman, C. L., and
Hirata, H. (1986). Anion transport
in astrocytes. Ann. N.Y. Acad. Sci.
481, 334–353.
Krueger, J. M. (2008). The role of
cytokines in sleep regulation. Curr.
Pharm. Des. 14, 3408.
Krueger, J. M., and Tononi, G. (2011).
Local use-dependent sleep; synthe-
sis of the new paradigm. Curr. Top.
Med. Chem. 11, 2490–2492.
Kucheryavykh, Y. V., Kucheryavykh,
L .Y . ,N i c h o l s ,C .G . ,M a l d o n a d o ,
H. M., Baksi, K., Reichenbach, A.,
Skatchkov, S. N., and Eaton, M. J.
(2007). Downregulation of Kir4.1
inward rectifying potassium chan-
nel subunitsby RNAiimpairs potas-
sium transfer and glutamate uptake
by cultured cortical astrocytes. Glia
55, 274–281.
Lee, A. K., and Wilson, M. A. (2002).
Memory of sequential experience in
the hippocampus during slow wave
sleep. Neuron 36, 1183–1194.
Liu, Z. W., Faraguna, U., Cirelli,
C., Tononi, G., and Gao, X. B.
(2010). Direct evidence for wake-
related increases and sleep-related
decreases in synaptic strength
in rodent cortex. J. Neurosci. 30,
8671–8675.
L o r i n c z ,M .L . ,G e a l l ,F . ,B a o ,Y . ,
Crunelli, V., and Hughes, S. W.
(2009). ATP-dependent infra-slow
(<0.1Hz) oscillations in thalamic
networks. PLoS ONE 4:e4447. doi:
10.1371/journal.pone.0004447
MacLean, J. N., Watson, B. O., Aaron,
G. B., and Yuste, R. (2005). Internal
dynamics determine the cortical
response to thalamic stimulation.
Neuron 48, 811–823.
Marchaland, J., Calì, C., Voglmaier, S.
M . ,L i ,H . ,R e g a z z i ,R . ,E d w a r d s ,
R. H., and Bezzi, P. (2008). Fast
subplasma membrane Ca2+ tran-
sients control exo-endocytosis
of synaptic-like microvesicles
in astrocytes. J. Neurosci. 28,
9122–9132.
Markram, H., and Tsodyks, M.
(1996). Redistribution of synap-
tic efﬁcacy between neocortical
pyramidal neurons. Nature 382,
807–810.
M a s s i m i n i ,M . ,H u b e r ,R . ,F e r r a r e l l i ,
F., Hill, S., and Tononi, G. (2004).
The sleep slow oscillation as a
traveling wave. J. Neurosci. 24,
6862–6870.
McCormick, D. A., and Bal, T. (1997).
Sleep and arousal: thalamocortical
mechanisms. Annu. Rev. Neurosci.
20, 185–215.
McCormick, D., Shu, Y., Hasenstaub,
A., Sanchez-Vives, M., Badoual,
M., and Bal, T. (2003). Persistent
cortical activity: mechanisms of
generation and effects on neu-
ronal excitability. Cereb. Cortex 13,
1219–1231.
Nadkarni, S., Jung, P., and
Levine, H. (2008). Astrocytes
optimize the synaptic trans-
mission of information. PLoS
Comput. Biol. 4:e1000088. doi:
10.1371/journal.pcbi.1000088
N i r ,Y . ,S t a b a ,R .J . ,A n d r i l l o n ,T . ,
Vyazovskiy, V. V., Cirelli, C., Fried,
I., and Tononi, G. (2011). Regional
slow waves and spindles in human
sleep. Neuron 70, 153–169.
Nobili, L., Ferrara, M., Moroni, F.,
D eG e n n a r o ,L . ,R u s s o ,G .L . ,
Campus, C., Cardinale, F., and De
Carli, F. (2011). Dissociated wake-
like and sleep-like electro-cortical
activity during sleep. Neuroimage
58, 612–619.
Panatier, A., Theodosis, D. T., Mothet,
J. P., Touquet, B., Pollegioni, L.,
Poulain, D. A., and Oliet, S. H.
(2006). Glia-derived D-serine
controls NMDA receptor activity
and synaptic memory. Cell 125,
775–784.
Panatier, A., Vallée, J., Haber, M.,
Murai,K.,Lacaille, J.,andRobitaille,
R. (2011). Astrocytes are endoge-
nous regulators of basal transmis-
sion at central synapses. Cell 146,
785–798.
P a s c u a l ,O . ,C a s p e r ,K .B . ,K u b e r a ,
J . ,Z h a n g ,C . ,R e v i l l a - S a n c h e z ,R . ,
Sul, J. Y., Takano, H., Moss, S. J.,
McCarthy, K., and Haydon, P. G.
(2005). Astrocytic purinergic sig-
naling coordinates synaptic net-
works. Science 310, 113–116.
Pikovsky, A., Rosenblum, M., and
Kurths, J. (2001). Synchronization:
A Universal Concept in Nonlinear
Sciences. Cambridge: Cambridge
University Press.
Poskanzer, K., and Yuste, R. (2011).
Astrocytic regulation of cortical UP
states. Proc. Natl. Acad. Sci. U.S.A.
108, 18453–18458.
R e c t o r ,D .M . ,S c h e i ,J .L . ,V a nD o n g e n ,
H. P., Belenky, G., and Krueger,
J. M. (2009). Physiological markers
of local sleep. Eur. J. Neurosci. 29,
1771–1778.
Sanchez-Vives, M. V., and McCormick,
D. A. (2000). Cellular and network
mechanisms of rhythmic recurrent
activity in neocortex. Nat. Neurosci.
3, 1027–1034.
Santello, M., Bezzi, P., and Volterra, A.
(2011). TNFα controls glutamater-
gic gliotransmission in the hip-
pocampal dentate gyrus. Neuron 69,
988–1001.
Sasaki, T., Kuga, T., Namiki, S.,
Matsuki, N., and Ikegaya, Y. (2011).
Locally synchronized astrocytes.
Cereb. Cortex 21, 1889–1900.
S c h m i t t ,L . ,S i m s ,R . ,D a l e ,N . ,a n d
Haydon, P. (2012). Wakefulness
affects synaptic and network activ-
ity by increasing extracellular
astrocyte-derived adenosine. J.
Neurosci. 32, 4417–4425.
Serrano, A., Haddjeri, N., Lacaille,
J., and Robitaille, R. (2006).
GABAergic network activation
of glial cells underlies heterosy-
naptic depression. J. Neurosci. 26,
5370–5382.
Silchenko, A., and Tass, P. (2008).
Computational modeling of parox-
ysmal depolarization shifts in neu-
rons induced by the glutamate
releasefromastrocytes. Biol.Cybern.
98, 61–74.
Stellwagen, D., and Malenka, R.
(2006). Synaptic scaling medi-
ated by glial TNF-α. Nature 440,
1054–1059.
Steriade, M. (2000). Corticothalamic
resonance, states of vigilance and
mentation. Neuroscience 101,
243–276.
S t e r i a d e ,M . ,N u n e z ,A . ,a n dA m z i c a ,
F. (1993). A novel slow (<1hz)
oscillation of neocortical neu-
rons in vivo: depolarizing and
Frontiers in Computational Neuroscience www.frontiersin.org August 2012 | Volume 6 | Article 65 | 9Fellin et al. Astrocytic modulation of sleep
hyperpolarizing components. J.
Neurosci. 13, 3252–3265.
Takata, N., Mishima, T., Hisatsune, C.,
Nagai, T., Ebisui, E., Mikoshiba, K.,
and Hirase, H. (2011). Astrocyte
calcium signaling transforms
cholinergic modulation to cortical
plasticity in vivo. J. Neurosci. 31,
18155–18165.
Timofeev, I., and Chauvette, S. (2011).
Thalamocortical oscillations: local
control of EEG slow waves. Curr.
Top. Med. Chem. 11, 2457–2471.
Timofeev, I., Grenier, F., Bazhenov,
M . ,S e j n o w s k i ,T .J . ,a n dS t e r i a d e ,
M. (2000). Origin of slow cor-
tical oscillations in deafferented
cortical slabs. Cereb. Cortex 10,
1185–1199.
Tononi, G., and Cirelli, C. (2003). Sleep
and synaptichomeostasis: a hypoth-
esis. Brain Res. Bull. 62, 143–150.
Tononi, G., and Cirelli, C. (2006). Sleep
function and synaptic homeostasis.
Sleep Med. Rev. 10, 49–62.
Turrigiano, G. (2006). More than
a sidekick: glia and homeostatic
synaptic plasticity. Trends Mol. Med.
12, 458–460.
Verkhratsky, A. (2011). A Physiology
of neuronal-glial networking.
Neurochem. Int. 57, 332–343.
Volman, V., Ben-Jacob, E., and Levine,
H. (2007). The astrocyte as a
gatekeeper of synaptic informa-
tion transfer. Neural Comput. 19,
303–326.
Volterra, A., and Meldolesi, J. (2005).
Astrocytes, from brain glue to com-
munication elements: the revolu-
tioncontinues. Nat. Rev. Neurosci. 6,
626–640.
Vyazovskiy, V. V., Cirelli, C., Pﬁster-
Genskow, M., Faraguna, U., and
Tononi, G. (2008). Molecular
and electrophysiological evidence
for net synaptic potentiation in
wake and depression in sleep.
Nat. Neurosci. 11, 200–208.
Vyazovskiy,V. V., Olcese, U., Hanlon, E.
C., Nir, Y., Cirelli, C., and Tononi,
G. (2011). Local sleep in awake rats.
Nature 472, 443–447.
Vyazovskiy, V. V., Olcese, U., Lazimy,
Y. M., Faraguna, U., Esser, S. K.,
Williams, J. C., Cirelli, C., and
Tononi, G. (2009). Cortical ﬁring
and sleep homeostasis. Neuron 63,
865–878.
W a n g ,X . ,L o u ,N . ,X u ,Q . ,T i a n ,
G.-F., Peng, W. G., Han, X., Kang,
J., Takano, T., and Nedergaard,
M. (2006). Astrocytic Ca2+ sig-
naling evoked by sensory stimu-
lation in vivo. Nat. Neurosci. 9,
816–823.
Wang, X. J. (1999). Synaptic basis
of cortical persistent activity: the
importance of NMDA receptors to
working memory. J. Neurosci. 19,
9587–9603.
Wang, X. J. (2010). Neurophysiological
and computational principles of
cortical rhythms in cognition.
Physiol. Rev. 90, 1195–1268.
W o l o s k e r ,H . ,B l a c k s h a w ,S . ,a n d
Snyder, S. H. (1999a). Serine race-
mase: a glial enzyme synthesizing
D-serine to regulate glutamate-N-
methyl-D-aspartate neurotrans-
mission. Proc. Natl.Acad. Sci. U.S.A.
96, 13409–13414.
Wolosker, H., Sheth, K. N., Takahashi,
M . ,M o t h e t ,J .P . ,B r a d y ,R .O .
Jr., Ferris, C. D., and Snyder, S.
H. (1999b). Puriﬁcation of serine
racemase: biosynthesis of the neu-
romodulator D-serine. Proc. Natl.
A c a d .S c i .U . S . A .96, 721–725.
Zhang, Q., and Haydon, P. G. (2005).
Roles for gliotransmission in the
nervous system. J. Neural Transm.
112, 121–125.
Zhang, Z., Chen, G., Zhou, W., Song,
A . ,X u ,T . ,L u o ,Q . ,W a n g ,W . ,G u ,
X., and Duan, S. (2007). Regulated
ATP release fromastrocytes through
lysosome exocytosis. Nat. Cell Biol.
9, 945–953.
Z h o u ,M . ,X u ,G . ,X i e ,M . ,Z h a n g ,X . ,
Schools, G. P., Ma, L., Kimelberg,
H. K., and Chen, H. (2009).
TWIK-1 andTREK-1 are potassium
channels contributing signiﬁcantly
to astrocyte passive conductance in
rat hippocampal slices. J. Neurosci.
29, 8551–8564.
Conﬂict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or ﬁnancial relationships
that could be construed as a potential
conﬂict of interest.
Received: 03 April 2012; paper pending
published: 28 May 2012; accepted: 10
August2012; publishedonline:28 August
2012.
Citation: Fellin T, Ellenbogen JM, De
Pittà M, Ben-Jacob E and Halassa MM
(2012) Astrocyte regulation of sleep cir-
cuits: experimental and modeling per-
spectives. Front. Comput. Neurosci. 6:65.
doi: 10.3389/fncom.2012.00065
Copyright © 2012 Fellin, Ellenbogen,
De Pittà, Ben-Jacob and Halassa. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License,w h i c hp e r m i t su s e ,
distribution and reproduction in other
forums, provided the original authors
andsourcearecreditedandsubjecttoany
copyright notices concerning any third-
party graphics etc.
Frontiers in Computational Neuroscience www.frontiersin.org August 2012 | Volume 6 | Article 65 | 10